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Introduction {#S0001}
============

In various species, including human beings, spermatozoa must undergo a series of biochemical, molecular and functional changes before fertilization. These changes enable spermatozoa to gain hyperactive motility and undergo acrosome reaction to initiate oocyte plasma membrane fusion. This process is collectively known as capacitation ([@CIT0001]). Capacitation occurs in female genital tract but it can be induced in vitro by media containing a source of metabolic energy such as glucose ([@CIT0002]), electrolytes such as Ca^+^, NaHCO~3~ ^−^ ([@CIT0003], [@CIT0004]), and serum albumin serving as the cholesterol receptor ([@CIT0005]). Capacitation includes cholesterol efflux, ion fluxes and increase in membrane fluidity, which causes an increase in tyrosine phosphorylation, induction of hyperactive motility, interaction with zona pellucida and acrosome reaction ([@CIT0006], [@CIT0007]).

Increase in the level of tyrosine phosphorylation is an important aspect of sperm capacitation during which signal transduction pathways are activated. Capacitation is associated with increases in adenyl cyclase activity ([@CIT0008]), intracellular cyclic AMP (cAMP) concentration ([@CIT0009]) and protein kinase A (PKA) activity ([@CIT0010]). Activation of signal transduction cascade causing induction of tyrosine kinase activity and protein tyrosine phosphorylation occurs uniquely in male germ line ([@CIT0011]).

Protein tyrosine phosphorylation in sperm tail during capacitation has been demonstrated in a number of species ([@CIT0012]--[@CIT0014]). Protein tyrosine phosphorylation in sperm tail has been shown to have an important role in sperm hyperactive motility ([@CIT0012]--[@CIT0015]) which is one of the important aspects of capacitation. Spermatozoa from asthenospermic males may be compromised in their ability to phosphorylate proteins ([@CIT0005], [@CIT0015]). Tyrosine phosphorylation of plasma membrane proteins during capacitation has been reported in boar spermatozoa ([@CIT0016]). It has been shown that during capacitation sperm plasma membrane proteins become phosphorylated and play a role in the interaction with zona pellucida ([@CIT0011]).

Teratospermia is a condition in which more than 70% of the sperm in the ejaculates have abnormal morphologies. This condition is relatively common among numerous species ([@CIT0017]). Such abnormal spermatozoa from teratospermic ejaculates have diminished capacitation and acrosomal reaction ([@CIT0018]).

In addition, protein tyrosine phosphorylation is compromised ([@CIT0019]) even in normal appearing spermatozoa from teratospermic ejaculates in comparison with spermatozoa from normospermic cats. Thus, the etiology of dysfunctional spermatozoa from teratospermic subjects involves an array of biochemical, molecular and regulatory factors at cellular levels.

No reports are available in humans regarding the tyrosine phosphorylation pattern in spermatozoa from teratospermic male. In the present study, we investigated the etiology of compromised sperm capacitation in teratospermic and normospermic groups by analyzing tyrosine phosphorylated proteins before and after capacitation. This study is the first to examine the status of tyrosine phosphorylated proteins in the sperm of terato-spermic individuals.

Materials and Methods {#S0002}
=====================

Semen collection and analysis {#S20003}
-----------------------------

The research project was approved by the bioethics committee of Avicenna Research Institute and informed consents were obtained from the patients attending Avicenna Infertility Clinic in Tehran, Iran. Semen samples were collected after 3-5 days of sexual abstinence. The samples were liquefied at room temperature for 1 hour. The staff at Andrology Department of Avicenna Iinfertility Clinic assessed semen parameters such as sperm count, motility and morphology according to the World Health Organization (WHO) manual. After preliminary semen analysis, the remnants of the samples were used for the rest of the study. Twenty normospermic sperm samples (with sperm concentrations \>20×10^6^ spermatozoa/*ml*, percentage of motile cells \>50%, percentage of viable spermatozoa \>80%, and percentage of spermatozoa with normal morphology \>30%) and 20 teratospermic sperm samples (with sperm concentrations \>20×10^6^ spermatozoa/*ml*, percentage of motile cells \>50%, percentage of viable spermatozoa \>80%, and percentage of spermatozoa with normal morphology \<30%) were included in the study.

Preparation of spermatozoa {#S20004}
--------------------------

Sperm cells from each sample were isolated from seminal plasma by Percoll (Sigma, USA) gradient centrifugation. Semen samples were overlaid on a two-layer Percoll density gradient that included a 90% and a 45% isotonic Percoll solutions, prepared in Ham\'s F-10 medium ([@CIT0020]) and then centrifuged at 300×*g* for 30*min* at room temperature. After centrifugation, the sperm pellet was observed at the bottom of the 90% layer. This pellet was diluted with Ham\'s F-10 medium (Sigma, USA) and centrifuged at 450×*g* for 5*min* (three times). The final pellet was resuspended in 1*ml* of BSA-supplemented Ham\'s F-10 (3*mg*/*ml*) (BSA; Sigma, USA) that was considered the first incubation (T0). Sperm concentration was adjusted to approximately 10×10^6^ spermatozoa/ *ml* and incubated (T6) at 37° *C* in 5% CO~2~ for six hours ([@CIT0005]). At the end of each sperm sample preparation cycle, the samples were washed with 1*ml* of phosphate-buffered saline (PBS), pH 7.4, and centrifuged at 450×*g* for 5*min* at room temperature. Then the pellet was resuspended in PBS at an average of 30×10^6^ spermatozoa/*ml* and stored at −70*°C*. Due to the low yield of sperm per sample, the collected spermatozoa from all twenty sperm samples from each group were pooled as needed prior to use.

Solubilization of spermatozoa {#S20005}
-----------------------------

Proteins from the entire spermatozoa (head, neck and tail regions) were isolated as described by Li *et al* ([@CIT0020]). Briefly, the spermatozoa were washed by 1*ml* of phosphate-buffered saline (PBS), pH 7.4, centrifuged at 450×*g* for 5*min* at room temperature and solubilized in lysis buffer containing 4% CHAPS (BioRad, USA), 40*mM* tris-base (Sigma, USA), 75*mM* DDT (BioRad, USA), 1*mM* PMSF (Sigma, USA), 1*mM* EDTA (Sigma, USA), 7*mM* urea (USB, UK), 2*mM* thiourea (Sigma, USA), 1*mM* sodium orthovanadate (Sigma, USA) and a protease inhibitor cocktail (Roche; Mannheim, Germany). Then, the mixture was incubated at room temperature for 60 minutes, followed by centrifugation at 10,000×*g* for 30 min at 4*°C*. After centrifugation, the supernatant was separated and stored at −70*°C* for further use. Protein concentration was determined by Bradford method ([@CIT0021]).

SDS-PAGE and Western blotting {#S20006}
-----------------------------

Spermatozoa proteins were analyzed by using SDS-PAGE method and Western blotting. Extracted proteins were resuspended in Laemmli ([@CIT0022]) sample buffer (25*mM* Tris, 0.5% SDS and 5% glycerol, and a pH of 6.8) and later centrifuged at 6000*×g* for 5 min. The supernatants were recovered and heated at 100*°C* for 5*min* at the presence of 70*mM* 2β-mercaptoethanol. SDS-PAGE was performed using solubilized proteins obtained from 2×10^6^ spermatozoa (\~5*μg* per lane) and then were separated on 12% polyacrylamide gels. Prestained molecular weight markers were used parallel with samples and the gels were later stained by silver. Sperm proteins were electro-blotted and transferred to PVDF membrane (Millipore, Bedford, USA) at 4*°C* for 75*min*. The PVDF membrane was incubated in 2% dry skimmed milk in PBS-0.1% Tween-20 (a blocking solution) for blocking non-specific binding sites overnight. Then, it was incubated with monoclonal anti-phosphotyrosine antibody (PY-99) (Santa Cruz, CA) as the primary antibody (diluted 1:1000 in blocking solution) for 1 h at room temperature. After washing (PBS-0.1% Tween-20) for four times, PVDF membrane was incubated with rabbit anti-mouse peroxidase--conjugated Ig as the secondary antibody (diluted 1:1000 in blocking solution) for 1 h at room temperature. Following incubation, the membrane was washed four times \[PBS--Tween20 (0.1%)\] and reactive bands were detected by enhanced chemiluminescence using ECL kit (Amersham Bioscience, Uppsala, Sweden) according to the manufacturer\'s instructions ([@CIT0005], [@CIT0023]).

To quantify changes in protein tyrosine phosphorrylation, rectangular boxes were drawn around bands on scanned digital images from ECL contact photographs of the Western blots, and adjusted optical densities for each lane were obtained using Kodak software 4.0.5*V*.

Results {#S0007}
=======

Seminal characteristics {#S20008}
-----------------------

Semen analysis results in normospermic and teratospermic groups including sperm concentration, counts, motility (a, b, c, and d degrees), morphology and viability are shown in [Table 1](#T0001){ref-type="table"}.

###### 

Comparison of semen analysis parameters between normo-spermic and teratospermic samples (Values are M±SD)

  Sperm parameters                                 Normospermia (n = 20)   Teratospermia (n = 20)
  ------------------------------------------------ ----------------------- ------------------------
  **Concentration (×10** ^**6**^ **/** ***ml)***   121.1±59.49             62.31±34.57
  **Total count (×10** ^**6**^ ***/ ml)***         367.13±214.68           182.12±106.34
  **Motility (** ***%*** **)**                                             
    a degree (*%*)                                 20±9                    10.3±7
    b degree (*%*)                                 27±7                    22.1±5
    c degree (*%*)                                 11.5±5                  22.5±3
    d degree (*%*)                                 41.5±1                  45.1±10
  **Normal morphology (** ***%*** **)**            31±6                    7±1
  **Viability (** ***%*** **)**                    87±5                    85± 6

Detection of sperm phosphotyrosine proteins {#S20009}
-------------------------------------------

The anti-phosphotyrosine antibody(PY-99) recognized protein bands in the spermatozoa from normo-spermic ejaculates. Western blotting results ([Fig. 1-A](#F0001){ref-type="fig"}) depicted the presence of at least six proteins with molecular weights of 170, 130, 95, 70, 43 and 25*kDa* before capacitation in the spermatozoa from normospermic samples (T0). However, comparable levels of tyrosine phos-phorylation were not observed in the spermatozoa from teratospermic samples. As shown in [Fig. 1-B](#F0001){ref-type="fig"}, no significant levels of tyrosine phosphoryla-tion is detectable in proteins before capacitation (T0).

![Western blotting of sperm tyrosine phosphorylated proteins extracted immediately after washing (T0) and after 6 h (T6) of incubation under capacitating conditions. A: Normospermia; B: Teratospermia.](JRI-10-185-g001){#F0001}

Changes in tyrosine phosphorylation following capacitation {#S20010}
----------------------------------------------------------

Capacitation causes an increase in the level of tyrosine phosphorylation in the spermatozoa from normospermic ([Fig. 1](#F0001){ref-type="fig"}-A-T6) and teratospermic ([Fig. 1](#F0001){ref-type="fig"}.B-T6) samples. Densitometric scanning ([Fig. 2](#F0002){ref-type="fig"}) shows that capacitation has resulted in a 3.5-fold increase in tyrosine phosphorylation of 170*kDa*, 130*kDa* and 43*kDa* proteins in the spermatozoa from normospermic samples, compared to uncapacitated samples. Only a 2.3-fold increase was seen in teratospermic men, which was different from normospermic counterparts. Likewise, phosphorylation of 95 *kDa*, 70*kDa* and 25*kDa* proteins increased 2.6-fold in normospermic subjects compared to 1.3-fold in teratospermic males.

![Quantitation of changes in protein phosphorylation following sperm capacitation in normospermic and teratospermic samples. Changes in the level of phosphorylation were expressed as a fold increase over the controls (the uncapacitated samples).](JRI-10-185-g002){#F0002}

Discussion {#S0011}
==========

Phosphorylation is an important post-translational modification that regulates various cellular functions such as cell cycle control, cellular growth, ionic current modulation and receptor regulation ([@CIT0024], [@CIT0025]). Mature spermatozoa are highly specialized cells that are not very active transcriptionally. Thus, sperm rely on post-translational modifications such as phosphorylation to regulate important events such as capacitation, hyper-activation and acrosome reaction, which are required for spermatozoa to reach, bind, penetrate and fuse oocytes ([@CIT0001]). Tyrosine and serine/threonine phosphorylation of proteins has been reported in spermatozoa ([@CIT0026]) and tyrosine phosphorylation has been found to be more important as an indicator of a signal transduction pathway relative to serine/threonine phosphorylation.

Teratospermia is a common cause of male infertility and it is characterized by the presence of abnormal sperm morphology in semen (\>70% of spermatozoa are morphologically abnormal). It has been reported that capacitated sperm from teratospermic ejaculates are less able to complete acrosome reaction at the presence of calcium ionophore ([@CIT0027]) or progesterone ([@CIT0028]) compared to sperm from normospermic ejaculates. Sperm capacitation and acrosome reaction have been shown to be compromised in the spermatozoa from teratospermic cats ([@CIT0018]). Additionally, malformed sperm are not able to penetrate the zona pellucida ([@CIT0029]). The etiology of dysfunctional spermatozoa from teratospermic ejaculates involves an array of biochemical, molecular and regulatory factors at cellular levels. Tyrosine phosphorylation is one of the key biochemical and molecular factors which is less active in the spermatozoa from teratospermic ejaculates even under capacitating conditions ([@CIT0019]).

In the present study, the status of tyrosine-phosphorylated proteins in spermatozoa from infertile men with teratospermic condition was evaluated compared with that of the normo-spermic men before and after capacitation. This should advance our knowledge and contribute to a deeper understanding of the basic molecular and cellular mechanisms regulating sperm functions in vitro. To do so, the presence of at least six tyrosine phosphorylated proteins (170, 130, 95, 70, 43 and 25 kilo Daltons) was determined in human spermatozoa. Second, it was demonstrated that spermatozoa from teratospermic males had a compromised ability to undergo tyrosine phosphorylation following capacitation when compareed with normospermic counterparts.

Phosphotyrosine--containing proteins have been reported to be present in the spermatozoa of numerous species and they are believed to have an important role in sperm functions such as hyper-active motility, interaction with zona pellucida and acrosome reaction. In mouse sperm, anti-phosphotyrosine antibody was used to study capacitation and three proteins with molecular weights of 52*kDa*, 75*kDa* and 95*kDa* were identified. The 95*kDa* protein was reported to have enhanced immunoreactivity after sperm capacitation ([@CIT0030]). Tyrosine phosphorylation has been demonstrated in the sperm of several mammalian species including humans, rats, rabbit, and mice. In human sperm, four sets of tyrosine-phosphorylated protein with molecular weights ranging form 95/94±3*kDa*, 46±3*kDa*, 25±7*kDa* to 12±2*kDa* have been reported ([@CIT0026]). Some of these phosphorylated proteins have been shown to bear an important role in sperm motility ([@CIT0026]). In another study two plasma membrane proteins (35*kDa* and 46*kDa*), isolated from capacitated boar sperm cells, were reported to have high binding affinity with zona pellucida ([@CIT0016]).

In the present study we have demonstrated that tyrosine phosphorylation of several proteins from human spermatozoa are similar to that of mice ([@CIT0030]) and boars ([@CIT0016]) after capacitation. Specifically, tyrosine phosphorylation of six sets of sperm proteins (170*kDa*, 130*kDa*, 95*kDa*, 70*kDa*, 43*kDa* and 25*kDa*) appeared to be compromised in teratospermic samples when compared with normospermic ones. Thus, it is proposed that diminished protein tyrosine phos-phorylation may constitute one of the factors responsible for compromised sperm functions in teratospermic males.

Furthermore, it was demonstrated that tyrosine phosphorylation of the 95*kDa* sperm protein from teratospermic males was compromised which is similar to the findings reported in wild felids ([@CIT0031]) and domestic cats ([@CIT0019]). This protein is localized to the acrosomal region in the spermatozoa from domestic cats and it is known to interact with zona pellucida protein(s) ([@CIT0019], [@CIT0031]). Similar findings in humans and cats indicate that the 95*kDa* protein may play a role in one or more steps associated with sperm-oocyte interaction, which enables zona penetration ([@CIT0019], [@CIT0031]).

In human sperm, a 46±3*kDa* protein is phos-phorylated at tyrosine residues during capacitation ([@CIT0026]). More recently, a 46*kDa* protein was reported in boar sperm ([@CIT0016]), which was phosphorylated in tyrosine residues during capacitation. This 46*kDa* protein is located in plasma membrane of sperm head and it has been demonstrated to have an important role in interacting with zona pellucid. In this study, it was shown that tyrosine phos-phorylation of a 43*kDa* protein is compromised during capacitation in teratospermic males. The size of this protein is very similar to the protein previously reported in human ([@CIT0026]) and boar sperm ([@CIT0016]). These observations suggest that this 43*kDa* plasma membrane protein may be involved in the interaction with zona Pellucida.

For a better understanding of capacitation process in human sperm, it is important to continue studying post-translational modifications of proteins because of their role in sperm functions. To accomplish this goal, studies are underway in our laboratories to identify the tyrosine-phosphorylated proteins that might play a role in the capacitation of sperm. These findings can help the characterization of molecular mechanisms of sperm functions and can further explain the causes of male infertility.

Conclusion {#S0012}
==========

Tyrosine phosphorylation of sperm proteins may have an important role in the function of sperm and defects in the level of tyrosine-phosphorylated proteins may contribute to low fertilization rates in teratospermic men.

The authors thank Ms. Mahshid Hodjat, Ms. Zahra Ghaempanah, Ms. Elham Savadi Shiraz and Ms. Sima Binafar for their assistance. We also thank the staff in the embryology and andrology departments at Avicenna Infertility Clinic for their help. This study was supported by a grant from ACECR (grant number 1634-33) awarded to Ali M. Ardekani.
